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Escherichia coli RecE protein is part of the classical
RecET recombination system that has recently
been used in powerful newmethods for genetic engi-
neering. RecE binds to free double-stranded DNA
(dsDNA) ends and processively digests the 50-ended
strand to form 50-mononucleotides and a 30-over-
hang that is a substrate for single strand annealing
promoted by RecT. Here, we report the crystal struc-
ture of the C-terminal nuclease domain of RecE at
2.8 A˚ resolution. RecE forms a toroidal tetramer
with a central tapered channel that is wide enough
to bind dsDNA at one end, but is partially plugged
at the other end by the C-terminal segment of the
protein. Four narrow tunnels, onewithin each subunit
of the tetramer, lead from the central channel to the
four active sites, which lie about 15 A˚ from the
channel. The structure, combined with mutational
studies, suggests a mechanism in which dsDNA
enters through the open end of the central channel,
the 50-ended strand passes through a tunnel to
access one of the four active sites, and the 30-ended
strand passes through the plugged end of the
channel at the back of the tetramer.
INTRODUCTION
Homologous recombination is a fundamental cellular process for
the repair of double-stranded DNA (dsDNA) breaks and the
generation of genetic diversity (Kuzminov, 1999). A central
pathway for homologous recombination in all cells involves
RecA protein, or Rad51 in eukaryotes, which polymerizes on
a region of single-stranded DNA (ssDNA) exposed at a site of
damage to form a helical nucleoprotein filament that promotes
homologous recombination by a strand invasion mechanism
(Lusetti and Cox, 2002; Bell, 2005). Phage-derived recombina-
tion systems such as RecET, encoded within a cryptic rac
prophage found in certain strains of Echerichia coli, and Redab
of bacteriophage l promote homologous recombination via690 Structure 17, 690–702, May 13, 2009 ª2009 Elsevier Ltd All righa more simplified pathway known as single strand annealing
(Stahl et al., 1997; Kolodner et al., 1994). These recombination
systems consist of a 50-30 exonuclease, RecE or Reda (l exonu-
clease), which resects the DNA end created at the break to form
a 30-overhang, and a second protein, RecT or Redb (b protein),
which loads onto the overhang to promote its annealing with
a complementary strand of ssDNA (Kmiec and Holloman,
1981; Muniyappa and Radding, 1986; Hall et al., 1993). The
exonuclease and recombinase proteins of each system form
a specific protein-protein interaction that may serve to load the
recombinase onto the 30-overhang as it is generated by the
exonuclease (Muyrers et al., 2000; Radding et al., 1971). Due
to their simplicity, high efficiency, and ability to work at short
regions of homology, RecET and Redab have been used in
powerful new methods for genetic engineering, termed ‘‘recom-
bineering’’ or ‘‘ET cloning’’ (Poteete, 2001; Muyrers et al., 2001;
Copeland et al., 2001). Genes encoding the proteins of this
recombination system are found in a wide variety of bacterial
and phage genomes and are currently being exploited for
genetic engineering in organisms such asMycobacterium tuber-
culosis (van Kessel and Hatfull, 2007). Due to their highly proces-
sive natures, the exonuclease enzymes are also being exploited
in novel methods for nanopore DNA sequencing (Branton et al.,
2008).
RecE and l exonuclease are Mg2+-dependent enzymes that
bind tightly to dsDNA ends and processively digest the 50-ended
strand to form 50-mononucleotides and a 30-ended ssDNA tail
(Little, 1967; Joseph and Kolodner, 1983b). Hallmark features
of these enzymes include their liberation of 50-mononucleotides
and ssDNA as the exclusive products, a total lack of activity on
circular DNA substrates, very low activity on ssDNA, and high
processivities. The crystal structure of l exonuclease revealed
a toroidal trimer with a central channel that is tapered from about
30 A˚ on one side to about 15 A˚ on the other (Kovall and
Matthews, 1997). The funnel-shaped channel suggests a mode
of action in which the trimer tracks along the duplex with dsDNA
entering on one side and ssDNA exiting on the other. The three
active sites of the trimer each bind a Mg2+ and are located within
a cleft on each subunit that is exposed to the central channel.
The portion of l exonuclease that forms the active site exhibits
a fold dubbed the ‘‘restriction endonuclease-like’’ fold that is also
seen in several type II restriction endonucleases, the nuclease
domain of the RecB subunit of the RecBCD helicase-nucleasets reserved
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other nucleases (Kovall and Matthews, 1998; Singleton et al.,
2004; Lee et al., 2005). The proteins within this diverse
group of nuclease enzymes likely share a common evolutionary
origin and related catalytic mechanisms (Kovall and Matthews,
1999).
Figure 1. RecE Protein Forms a Stable Tetramer in Solution
(A) Sedimentation coefficient distribution plot from a sedimentation velocity
run of RecE564. A sharp peak corresponding to a single 6.3 S species is
observed. The molecular mass of this species estimated from the velocity
data is 144 ± 7 kDa, consistent with a tetramer of RecE564 (calculated mass
of 138.0 kDa).
(B) Equilibrium sedimentation curves observed for RecE564 at three different
rotor speeds. The top panel shows the residuals of a fit of the data to a single
species of mass 137 ± 5 kDa, again consistent with a tetramer.Structure 17RecE is a much larger protein than l exonuclease (866 versus
226 amino acids), but limited proteolysis and genetic studies
have identified an 300 residue C-terminal domain of RecE
that has all of the activities of the full-length protein (Chang
and Julin, 2001; Chu et al., 1989; Muyrers et al., 2000). This
domain of RecE has essentially no detectable overall sequence
homology with l exonuclease, but segments of RecE and
RecB containing the presumed active site residues can be
aligned to one another (Aravind et al., 1999; Chang and Julin,
2001). Phylogenetic analyses indicate that RecB and l exonu-
clease belong to distinct families within the endonuclease-like
superfamily and that RecE is more closely related to the RecB
family (Aravind et al., 2000). Although RecE and l exonuclease
have essentially the same function, given the extensive differ-
ences in their amino acid sequences, there is some question
as to how similar their structures will be, particularly at the
quaternary level. To gain further insight into the structure and
mechanism of this class of processive exonuclease enzymes,
we have determined the crystal structure of the C-terminal
nuclease domain of RecE. The structure of RecE reveals
a toroidal tetramer that forms a central channel of similar size
and shape as that seen in the l exonuclease trimer. Comparison
of the structures of RecE and l exonuclease reveals common
structural features that appear to be fundamental to their modes
of action.
RESULTS
RecE Forms a Stable Tetramer in Solution
For structural studies of RecE we initially expressed and purified
residues 564–866 (RecE564), which form the C-terminal nuclease
domain identified by limited proteolysis (Chang and Julin, 2001).
The available data indicate that the first 550 residues of RecE
are not structured and are dispensable for activity. Previous
biophysical analyses of full-length RecE protein revealed that it
forms an oligomer, but the precise number of subunits was not
established (Joseph and Kolodner, 1983a). To definitively deter-
mine the oligomeric state of RecE564, analytical ultracentrifuga-
tion was performed (Figure 1). Sedimentation velocity indicated
a single 6.3 S species with an estimated mass of 144 ± 7 kDa,
compared to the calculated mass of 138.0 kDa for a tetramer
of RecE564. A frictional coefficient of 1.6 indicated a nonspherical
shape, consistent with a toroidal structure. To further verify the
mass of this species, sedimentation equilibrium was performed
at three different rotor speeds and sample concentrations
ranging from 1.2 to 12 mM. A single-species fit was sufficient to
model the observed data and resulted in an experimental molec-
ular mass of 137 ± 5 kDa, again consistent with a stable tetramer
of RecE564. These results establish that the oligomeric state of
the C-terminal nuclease domain of RecE, and by inference of
the full-length protein, is a stable tetramer in solution. This is in
notable contrast to l exonuclease, which forms a trimer.
Crystallization and Structure Determination
We were able to crystallize RecE564, but the crystals diffracted
X-rays to a maximum resolution of only 3.5 A˚ at the synchrotron,
with severe anisotropy. In genetic studies, shorter C-terminal
fragments of RecE, beginning as far into the amino acid
sequence as residue 606, exhibit full activity in recombination, 690–702, May 13, 2009 ª2009 Elsevier Ltd All rights reserved 691
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we expressed and purified residues 606–866 of RecE (RecE606)
and obtained crystals of the protein that diffract to 2.8 A˚ resolu-
tion at the synchrotron. During the course of this work, we
discovered that the construct we used to express RecE606 con-
tained a P658L mutation relative to the sequence of recE from
E. coli K12. Fortuitously, this mutation improves the diffraction
of the crystals by about 1 A˚ resolution relative to crystals of
RecE606 without the mutation. As measured using a fluores-
cence-based exonuclease assay, the P658L mutation does not
affect the enzymatic activity of either RecE564 or RecE606
(Figure 2). However, the shorter RecE606 fragment, with or
without the P658L mutation, exhibits significantly lower exonu-
clease activity than RecE564 in this assay, as has been reported
previously using a gel-based assay (Muyrers et al., 2000). Impor-
tantly, despite its lower exonuclease activity in vitro, RecE606
actually exhibits 4-fold increased activity in recombination
assays in vivo, as compared to longer fragments of the protein
(Muyrers et al., 2000).
Crystals of RecE606 belong to the tetragonal space group
P4212, with cell dimensions of a = b = 123 A˚ and c = 67 A˚, one
monomer per asymmetric unit, and a solvent content of 72%.
The crystal structure was determined by single wavelength
anomalous diffraction from crystals of the selenomethionine
protein (see Figure S1 available online). The final structure
includes residues 612–664 and 699–864 of RecE and was
refined at 2.8 A˚ resolution to crystallographic R and free R factors
of 28.9% and 31.1%, respectively (Table S1).
Structure of the RecE Monomer
RecE folds into a structure with a central five-stranded mixed
b sheet surrounded by nine a helices and a smaller three-
stranded antiparallel b sheet (Figure 3). As expected, the
Figure 2. Exonuclease Activities of RecE Proteins
The plot shows the decrease in fluorescence of PicoGreen due to the digestion
of a linear 2.7 kb dsDNA fragment upon addition of exonuclease enzyme. The
different curves are for reactions with different exonuclease enzymes, as
indicated at right. The top blue curve is the negative control, measured from
a reaction with storage buffer substituted for exonuclease enzyme. The posi-
tive control (lowest curve) shows the fluorescence of the heat-denatured
2.7 kb dsDNA fragment at 1/2 concentration to mimic the low signal of the
ssDNA product. Notice that the exonuclease activity of RecE564 is similar to
that of l exonuclease and much higher than that of RecE606. The P658L muta-
tion, which dramatically improves the crystals of the RecE606 protein, has
essentially no effect on the exonuclease activity of either RecE564 or RecE606.692 Structure 17, 690–702, May 13, 2009 ª2009 Elsevier Ltd All righC-terminal portion of RecE, residues 725–845, exhibits a fold
that is found in l exonuclease, the RecB nuclease domain, and
several other nuclease enzymes (Kovall and Matthews, 1998;
Singleton et al., 2004). This common core fold includes all eight
b strands and helices C,G, andH of RecE (Figure S2). In addition,
helices A, B, and I of RecE are also present in l exonuclease and
helix E of RecE is also present in RecB. Although the structural
alignment between RecE and l exonuclease includes two
more a helices than that between RecE and RecB, RecE aligns
more closely to RecB. For the core fold that forms the active
site, the rmsd between RecE and l exonuclease is 2.7 A˚ for
98 pairs of Ca atoms, while the rmsd between RecE and RecB
is 1.6 A˚ for 82 pairs of Ca atoms. Interestingly, RecE and l exonu-
clease both have an extended loop that crosses over the active
site to create a hole in the structure of about 5–10 A˚ in diameter.
This loop connects helices B andC in RecE and is in a structurally
equivalent position in l exonuclease. Based on the structure of
the RecE tetramer described below, it appears that the 50-ended
strand of the DNA substrate is likely to be threaded through this
hole (from the back of Figure 3A) as it enters the active site.
A 34 residue segment of RecE located between helices D and
E, residues 665–698, is not well resolved in the electron density
and is not included in the final refined structure. However, sparse
electron density shows that it extends about 25 A˚ into the solvent
region to contact the next layer of molecules in the crystal
(Figure S1). These residues form an insertion in RecE that is
not present in RecB or l exonuclease (Figure S3). In the RecE
tetramer, this extended segment is in position to interact with
the ‘‘downstream’’ portion of the incoming DNA substrate (see
Figure 6E). The P658L mutation, which dramatically improves
the crystal diffraction but does not affect enzymatic activity, is
located at the tight turn between helices C and D, just preceding
the 34 residue extended segment (Figure 3A). The very
C-terminal portion of RecE, residues 848–864, forms an
extended segment that is also not present in RecB or l exonu-
clease. In the tetramer, the C-terminal segment packs against
the adjacent subunit to form an integral part of the subunit inter-
face (see Figure 5A).
Structure of the RecE Active Site
As expected based on sequence comparisons and mutational
studies (Chang and Julin, 2001), Asp-748, Asp-759, and
Lys-761 of RecE come together to form the presumed active
site on the enzyme (Figure 3B). These residues are located on
the loop preceding b strand 5 and on b strand 6. Although
Mg2+ is present at 2 mM in the crystals, electron density at its
expected location is not observed, possibly due to the presence
of 100 mM malate, which was required for crystallization. To
confirm the position of the active site Mg2+, a 3.7 A˚ data set
was collected on a crystal soaked with 25mMMnCl2. The result-
ing difference Fourier map (FMn2+  Fnat) showed an 8 s peak,
clearly the highest peak in the map, at the expected position
for the Mn2+ (Figure 3B). Similar to l exonuclease, the Mn2+ is
coordinated by the carboxylate groups of Asp-748 and Asp-
759 and the backbone carbonyl oxygen of Val-760. In RecE,
the Mn2+ is also coordinated by a fourth ligand, His-652, which
is located on a helix C. An equivalent residue (His-956) is found
in RecB, where it coordinates the Ca2+ ion bound in the active
site (Singleton et al., 2004). In l exonuclease, a highly conservedts reserved
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found at the equivalent position (Kovall and Matthews, 1997;
Aravind et al., 2000). Thus, the active site of RecE, in addition
to its fold, more closely resembles RecB than l exonuclease,
despite its closer functional similarity to the latter. Although the
lower resolution of the Mn2+-soaked RecE structure does not
permit a detailed analysis of the coordination geometry, struc-
tural alignment with RecB suggests that RecE uses the same
octahedral coordination geometry observed for RecB, with four
sites on the metal occupied by protein ligands and two sites
available for potential interactions with the DNA substrate and/
or a hydrolytic water molecule (Figure 4).
In an alignment of five different RecE sequences sharing about
30% sequence identity with one another (Figure 3C), six highly
conserved sequence motifs emerge. As seen in Figure 3, where
the motifs are color coded on the structure of RecE and in the
sequence alignment, all six of the conserved motifs cluster
around the active site. Three of these motifs (Motifs II, III, and
IV) are also conserved in RecB and l exonuclease family
members, as has been noted (Aravind et al., 2000). The residues
Figure 3. Structure of the RecE Monomer
(A) Ribbon diagram of the RecE monomer with the
six conserved sequence motifs highlighted in
different colors as defined in (C). The position of
the active site Mg2+ is indicated by a magenta
sphere. Side chains of highly conserved active
site residues are shown in stick form. The orienta-
tion of the monomer is approximately the same as
for the cyan subunit of the tetramer in Figure 5A.
(B) Close up view of the active site of RecE. The
gray cage of electron density shows a 5s differ-
ence Fourier map (FMn2+  Fnat) calculated at
3.7 A˚ from data collected on a crystal soaked
with 25 mM MnCl2.
(C) Alignment of five different RecE sequences
showing six conserved sequence motifs, which
are numbered based on a scheme used previously
for the RecB family (Aravind et al., 2000). The top
line labeled Rac_prophage shows the sequence
of E. coli RecE protein. The multiple sequence
alignment was performed with the ClustalW algo-
rithm. Invariant (*), highly conserved (:), and
conserved (.) residues are indicated by the
symbols below the sequence. Residues that coor-
dinate the Mg2+ are indicated with these symbols
in magenta. Secondary structures of RecE are
indicated above the sequence.
that coordinate the Mg2+ in RecE come
from Motif II (Asp-748), Motif III (Asp-
759 and Val-760), and Motif V (His-652).
Several other residues of these motifs,
though not directly coordinated to the
Mg2+, are also highly conserved. Lys-
761 of Motif III, which is essentially
invariant among the entire superfamily
of nuclease enzymes, is within 3 A˚ of
the Mg2+ and has been suggested to
stabilize the negatively charged penta-
coordinate phosphate intermediate and/
or activate the hydrolytic water molecule (Kovall and Matthews,
1999). Also invariant among RecB and l exonuclease family
members is Gln-781 of Motif IV, which is hydrogen bonded to
the catalytic Lys-761 residue and thus may play a role in
precisely orienting it or in modulating its reactivity. Glu-729 of
Motif I is essentially invariant in RecE and RecB family members,
but does not appear to be present in l exonuclease. In the RecE
structure, Glu-729 is more distant from the Mg2+ (8.8 A˚), but is
within 4 A˚ of the active site histidine residue (His-652).
Other residues of RecE that are highly conserved include
Ser-731 and Tyr-733 of Motif I, Arg-744 and Arg-746 of Motif II,
Tyr-778 and Tyr-785 of Motif IV, and Leu-656, Glu-657, and
Pro-658 of Motif V (Figure 3). These residues are all within about
15 A˚ of the Mg2+, and are likely to play key roles in substrate
binding and/or catalysis. Finally, a sixth motif that is highly
conservedwithin theRecE family is located at the veryN-terminal
end of the crystallized RecE606 construct, but is not resolved in
the electron density. Motif VI includes a YHA sequence, residues
608–610, that is invariant among RecE sequences. Based on the
structure, the YHA sequence would be positioned within orStructure 17, 690–702, May 13, 2009 ª2009 Elsevier Ltd All rights reserved 693
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the active site. Although the YHA sequence appears to be unique
to RecE family members, Ser-615 and Ser-617 of Motif VI, which
are located at the N-terminal end of helix A, are also conserved in
RecB and l exonuclease family members and are located at
similar positions in their structures.
In the structure of l exonuclease, a phosphate ion acquired
from the buffers used in protein purification is bound to a pocket
near the active site, where it is coordinated by Arg-28, Ser-35,
Ser-117, and Gln-157 (residue numbering of l exonuclease).
l exonuclease has much higher activity on DNA substrates
that contain a 50-phosphate group (Little, 1967; Mitsis and
Kwagh, 1999), and the phosphate observed in the crystal struc-
ture has been proposed to mark the site on the protein for
binding to the terminal 50-phosphate of the dsDNA substrate
(Subramanian et al., 2003). Electron density is not observed for
such a phosphate in the RecE structure, even though phosphate
was present during protein purification. Although Gln-157 and
Ser-35 of l exonuclease are conserved in RecE (as Gln-781
and Ser-617, respectively), Arg-28 and Ser-117 are not. Consis-
tent with these structural observations, the activity of RecE is not
sensitive to the presence of a 50-phosphate group on the DNA
substrate (Joseph and Kolodner, 1983b).
Structure of the RecE Tetramer
In the crystal, RecE forms a C4 symmetric tetramer with overall
dimensions of 95 3 95 3 45 A˚ (Figure 5). Since the molecular
four-fold axis of the tetramer is coincident with the crystallo-
graphic four-fold, the tetramer has perfect four-fold symmetry.
As viewed perpendicular to the four-fold axis (Figure 5B), the
tetramer has a remarkably flat surface on one side (the left
side) and a much more featured surface on the other side. The
Figure 4. Close-Up Stereo View Comparing the Active Sites of RecE
and RecB
The structures of the RecB C-terminal domain (PDB code 1W36; Singleton
et al., 2004) and RecE were aligned by least-squares superposition (rmsd =
1.6 A˚ for 82 pairs of Ca atoms). The Ca2+ ion from the structure of RecB is
shown as a magenta sphere. Residues of RecB that coordinate the Ca2+ are
shown in stick formwith carbon yellow, nitrogen blue, and oxygen red. Dashed
lines indicate direct bonds to the Ca2+ ion. Notice that the coordination geom-
etry is octahedral, with two of the six positions on the Ca2+ not occupied by
protein atoms. Residues of RecE that superimpose on the ligand residues of
RecB are shown in stick form with carbon in cyan. Labels indicate residues
of RecE, with the corresponding residue numbers of RecB in parentheses.
Notice that the positions of the ligand residues of RecE are consistent with
the octahedral geometry observed for RecB if slight reorientations of the
side chains are allowed, especially for His-652.694 Structure 17, 690–702, May 13, 2009 ª2009 Elsevier Ltd All righ34 residue segment between helices D and E that is not included
in the model would project out about 25 A˚ to the right of the
tetramer to give it an even more featured appearance
(Figure S1). A total of 2,760 A˚2 of solvent-accessible surface
area is buried at each subunit interface, which is formed by
a roughly equal mixture of hydrophobic, ion pair, and hydrogen
bonding interactions. A prominent feature of the interface is the
extended C-terminal segment, residues 848–864, which packs
against the neighboring subunit in the tetramer, in part through
parallel b sheet hydrogen bonding with b strand 8. Other regions
of RecE that are located at the subunit interface include helix B
and the extended segment that follows it, which pack against
helix E and the b7-b8 hairpin of the neighboring subunit. In
general, the residues buried at the subunit interface are not
highly conserved among RecE sequences, making it difficult to
predict if all RecE proteins will form a similar tetramer. However,
the RecE sequences are highly divergent, such that essentially
all of the highly conserved residues are near the active site. All
of the RecE proteins end at about the same amino acid position
(±4 residues), suggesting that the extended C-terminal segment
that helps to form the tetramer in E. coli RecE may be a common
feature among them.
Looking down the four-fold axis (Figure 5A), the RecE tetramer
forms a central channel that is tapered from about 30 A˚ on one
side (the front as viewed in Figure 5A) to about 10 A˚ on the other
side. At the back of the tetramer, the central channel is partially
plugged by the C-terminal residues 858–864 of each subunit. In
particular, the side chains of Arg-858 and Trp-859 project toward
the four-fold axis of the tetramer to result in a narrowing of the
channel to about 10 A˚ (Figure 6A). The depth of the channel is
approximately 40 A˚, enough to accommodate one complete
turn of B formDNA (Figure 6E). Based on the tapered dimensions
of the central channel and the presence of extended loops on the
side at which the central channel is open, it is most reasonable to
conclude that the DNA substrate would bind to the open end
central channel at the front of the RecE tetramer as viewed in
Figure 5A. It is conceivable that if the C terminus of the protein
were to become unraveled, the DNA could enter the channel
from the opposite site. However, the C-terminal residues 854–
864 appear to be fairly well anchored to the neighboring subunit
in the tetramer via a network of hydrophobic, hydrogen bonding
and ion pair interactions. Somewhat surprisingly, the central
channel has only a weakly positive electrostatic potential (Fig-
ure 6B). Side chains of RecE that line the surface of the channel
andare thus in position to interactwith theDNAsubstrate through
electrostatic or hydrogen bonding interactions include Glu-765,
Gln-767, Arg-768, Thr-771, and Asp-775 of helix G, as well as
Arg-858 and Trp-859 of the C-terminal plug (Figure 6A). Though
not included in the final refined model, the side chains of Lys-
643 (of the loop connecting helices B and C) and Lys-704 (at the
beginning of helix E), as well as the 34 residue segment between
helices D and E, are near the opening of the channel and are thus
in position to interact with the incoming dsDNA substrate.
The four active sites of the tetramer are located about 15 A˚
from the central channel (28 A˚ from the four-fold axis) and about
midway (20 A˚) along its depth (Figures 5 and 6). The active sites
are exposed to the central channel by an 10 A˚ wide tunnel
through each subunit, the roof of which is formed by the loop
connecting helices B and C (Figure 6A). The tunnel is widets reserved
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within the central channel, but not the entire duplex. Thus, the
structure suggests a mechanism in which the terminal 3–5
base pairs of the dsDNA substrate are unwound to allow the
50-ended strand to pass through a tunnel to access one of
the four active sites, while the 30-ended strand passes through
the narrow opening at the back of the channel. A number of
conserved residues, including Ser-615 and Ser-617 of Motif VI
and Tyr-776, Tyr-778, Gln-781, and Tyr-785 of Motif IV, line the
surface of the active site tunnel (Figure 6A) and are thus in posi-
tion to interact with the 50-ended strand of the DNA substrate as
it passes through the tunnel. Interestingly, the four residues of
Motif IV, three of which are tyrosine, form a ladder in which the
side chains point out from the same face of helix H and are
spaced 3.8 A˚ from one another. The conserved tyrosine resi-
dues could potentially form stacking interactions with the bases
of the 50-ended strand of the DNA substrate as it moves through
the active site. Each active site tunnel forges all the way through
its subunit to form a portal at the outer surface of the tetramer
(Figure 6C). A number of positively charged residues, including
Arg-744 and Arg-746 of Motif II, line the rim of the portal to
give it a strongly positive electrostatic potential (Figure 6C).
This positively charged region could be a site for binding the
terminal 50-phosphate group that is generated at each cycle of
the exonuclease reaction, which would help to position the
Figure 5. Structure of the RecE Tetramer
and Comparison to the l Exonuclease
Trimer
(A) View of the RecE tetramer looking down into
the central channel. The active site Mg2+ of each
subunit is indicated by a magenta sphere. The
N- and C-terminal residues of the model (612
and 864) and the residues that flank the disordered
loop between helices D and E (664 and 699) are
indicated on the green subunit.
(B) Side view of the RecE tetramer, from the left of
(A). The open end of the central channel, to which
dsDNA would bind, faces to the right.
(C) View of the l exonuclease trimer looking down
into the central channel (PDB code 1AVQ; Kovall
and Matthews, 1997). The position of the active
site Mg2+ is indicated by a magenta sphere and
the phosphate bound near the active site is shown
with oxygen atoms as red spheres.
(D) Side view of l exonuclease, from the left of (C).
As in (B), the open end of the central channel to
which dsDNA would bind faces to the right.
scissile phosphodiester bond of the
DNA substrate correctly within the active
site. The portal itself could facilitate
release of the 50-mononucleotides that
are liberated from the 50-ended strand of
the DNA substrate as it is processively
digested.
Structure Activity Analysis
In order to probe the roles of the different
regions of RecE in DNAbinding and catal-
ysis, 24 different residues of RecE564
were mutated to alanine and the exonuclease (kcat) and DNA-
binding (KD) activities of the purified proteins were determined
(Figure 7 and Table 1). The regions of the protein that were
targeted in these experiments include the conserved active
site motifs, the extended loop that is disordered, residues lining
the central channel, and the C-terminal plug. Mutation of His-652
of Motif V to alanine completely abolishes activity, consistent
with the notion that this residue, like Asp-748 and Asp-759
(Chang and Julin, 2001), is essential for binding and positioning
the active site Mg2+. Mutation of several other residues of
the conserved active site motifs, including Glu-729 of Motif I,
Arg-746 of Motif II, Lys-761 of Motif III, Tyr-778 and Tyr-785 of
Motif IV, Glu-657 of Motif V, and Tyr-608 of Motif VI, results in
a >20-fold reduction in kcat, indicating that at least one residue
from each of the six active site motifs is required for efficient
catalysis. From these data it is apparent that a fairly large
network of interactions between the DNA substrate and active
site residues of RecE is important for precisely orienting the scis-
sile bond of the DNA substrate relative to the Mg2+ center and/or
translocation of the enzyme along the 50-ended strand of the
duplex. Surprisingly, mutation of Gln-781 of Motif IV, a residue
that is very near the catalytic lysine (Lys-761) and is essentially
invariant not only in RecE but also in the RecB and l exonuclease
families, results in only a 3-fold reduction in kcat. Mutations of the
conserved residues of the active site motifs have only a modestStructure 17, 690–702, May 13, 2009 ª2009 Elsevier Ltd All rights reserved 695
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in KD.
Mutation of several conserved residues within the disordered
loop that projects out from the central channel of RecE (residues
665–698) has only a minimal effect on kcat, but mutation of the
highly conserved Thr-675 of this loop reduces the affinity of
RecE for the dsDNA substrate by almost 10-fold, which is the
greatest effect on DNA binding seen for any of the 24 mutations.
Thus, while the residues of the extended loop do not appear to
be critical for ongoing digestion of the dsDNA substrate once
a processive reaction gets started (as measured by the exonu-
clease assay with saturating amounts of RecE), these data
indicate that the extended loop could be important for initial
recognition and binding of RecE to dsDNA ends. Similarly, muta-
tion of three positively charged residues that line the central
channel (Lys-643, Lys-704, and Arg-768) has a minimal effect
on kcat, but weakens the affinity of RecE for dsDNA ends signif-
icantly (3- to 5-fold increases in KD).
Figure 6. View of the Central Channel and
Active Site Tunnels in the RecE Tetramer
(A) Stereo Ca trace of the RecE tetramer with indi-
vidual subunits colored as in Figure 5. Side chains
lining the central channel and the active site tunnels
are highlighted in stick form with carbon yellow,
oxygen red,andnitrogenblue.The rearof thecentral
channel is plugged by the C-terminal segment of
each subunit, which includes Arg-858 and Trp-
859. Side chains of Lys-704 and Lys-643 are not
included in the final refined model, but are shown
here to indicate their positions on the backbone.
(B) Surface view of the RecE tetramer colored
according to electrostatic potential, with blue
strongly positive and red strongly negative based
on a charge-smoothed potential calculated in
PYMOL. Notice the weakly positive electrostatic
potential of the central channel, except at the back
where Arg-858 gives it a strong positive potential.
Side chains of residues 637–646, 700–701, and 704
are not included in the final model, but are included
here to indicate their presence on the surface.
(C) View from the leftof (B), looking into the active site
portal of the upper, front subunit. Notice the strong
positive electrostatic potential around the rim of the
active site portal.
(D) View of the RecE tetramer with B form DNA
modeled manually into the central channel.
(E) Side view of the model for the RecE-DNA
complex, with dsDNA entering the central channel
at right and ssDNA exiting the channel at left. Resi-
dues flanking the disordered loop of the green
subunit are indicated by the numbers. Notice that
this loop and the equivalent loops of the other three
subunits are in position to interact with the down-
stream portion of the incoming DNA substrate.
Lastly, deletion of the C-terminal resi-
dues of RecE (858–866) that plug the
central channel at the back of the tetramer
results in significant effects on both catal-
ysis (3-fold reduction in kcat) and DNA
binding (9-fold increase in KD). These data
suggest that the residues of the C-terminal
plug interact with the 30-ended strand of the DNA substrate both in
thepreinitiationcomplexandduringongoingcatalysis.Thedata for
mutations of Trp-859 and Arg-858 of the C-terminal plug indicate
that the side chain of Trp-859 may play a particularly significant
role inbinding,while thatofArg-858 is lesssignificant. Interestingly,
the R858A and W859A single mutations actually result in a signifi-
cant (50%) increase in kcat relative to wild-type. A similar effect is
seen for other residues of RecE within or near the central channel,
such as Lys-704, Thr-675, and Arg-768. These data suggest that
while mutations that weaken the interactions with the dsDNA
substrate may disrupt the initial recognition of dsDNA ends, they
may allow the RecE tetramer to translocate faster along the DNA
substrate once a reaction gets started.
DISCUSSION
We report the first crystal structure of RecE protein, a highly
processive 50-30 exonuclease that is part of a two-component696 Structure 17, 690–702, May 13, 2009 ª2009 Elsevier Ltd All rights reserved
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Binding Activities
(A) Raw fluorescence time course for exonuclease reactions with wild-type
and three mutant RecE564 proteins. The exonuclease activity is observed inStructure 17recombination system found in several bacterial and phage
genomes. We have determined the crystal structure not of full-
length RecE protein, which is 866 amino acids, but rather of
a C-terminal fragment of the protein, residues 606–866. Although
the RecE606 fragment has considerably lower exonuclease
activity than RecE564, the stable domain of RecE identified by
limited proteolysis, it is important to note that RecE606 is fully
functional in recombination assays in vivo (Muyrers et al.,
2000). We were able to crystallize the longer RecE564 fragment,
but the crystals diffracted X-rays weakly and anisotropically.
Thus, removal of residues 564–605 was necessary to obtain
crystals of sufficient quality to solve the structure at atomic reso-
lution (2.8 A˚). In the crystal structure, the N-terminal residues of
RecE606 are involved in extensive crystal-packing interactions
that would clearly be disrupted if the additional residues of
RecE564 were present. This provides a possible explanation for
the significantly improved diffraction of crystals of RecE606.
What is the reason for the reduced activity of RecE606 as
compared to RecE564? Since residues 564–605 are included in
the stable fragment of RecE that is resistant to limited proteol-
ysis, they are likely to be a folded part of the structure. However,
this region E. coli RecE is not conserved or even present in many
other RecE proteins. Based on the position of the most
N-terminal residue (Pro-612) in the structure of RecE606, residues
564–605 would be located at the outer surface of the tetramer,
near the active site portal. A highly conserved YHA sequence
within Motif VI of RecE (residues 608–610) is present at the
N-terminal end of the crystallized RecE606 fragment but is not
resolved in the electron density. Mutation of Tyr-608 or His-
609 to alanine reduces catalytic activity significantly, suggesting
that both of these residues play important roles in catalysis.
Conceivably, the absence of residues 564–605 could disrupt
the folding of the YHA motif in the RecE606 fragment, thereby
explaining its reduced activity.
During the course of this work, we discovered that the
constructs we used to express the RecE proteins contained
a P658L mutation. Therefore, we expressed and purified
RecE606 and RecE564 proteins without this mutation and showed
that the mutation does not affect the exonuclease activities of
either protein. Remarkably, crystals of the RecE606 protein
without the P658L mutation diffracted X-rays to only 4.2 A˚ on
our home X-ray source, a full 1 A˚ lower in resolution than crystals
of RecE606 with the mutation. How could the P658L mutation
lead to such a significant improvement in crystal diffraction?
Pro-658 is a highly conserved residue within Motif V of RecE,
real time as a decrease in the fluorescence of PicoGreen. Reactions were
performed as described in the Experimental Procedures.
(B) Fluorescence values from each time course in (A) were converted to%DNA
digested after applying a correction factor to account for the nonlinear depen-
dence of PicoGreen fluorescence on dsDNA concentration and comparison to
values from the positive and negative control reactions (Figure 2) at equivalent
time points. The rate of digestion in nucleotides per second (kcat) is determined
from the slope of the linear portion of each reaction and is reported in Table 1.
(C) Fluorescence anisotropy DNA-binding experiment. A 25 bp DNA duplex
containing a 50-fluorescein at one end was incubated with varying concentra-
tions of wild-type or mutant RecE564 protein and the fluorescence anisotropy
was measured as described in the Experimental Procedures. Dissociation
constants (KD) reported in Table 1 were determined from a fit of the data in
each curve to an equation that assumes a 1:1 binding stoichiometry., 690–702, May 13, 2009 ª2009 Elsevier Ltd All rights reserved 697
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nates the Mg2+. We have determined the crystal structure of
the RecE606 protein without the P658L mutation to 4.2 A˚ resolu-
tion, and at this resolution the two structures are essentially
indistinguishable (data not shown). In the structure of the
P658L mutant, Leu-658 is located in the tight turn between
helices C and D, which is near the flexible 34 residue segment
Table 1. Effects of Mutations on RecE Exonuclease
and DNA-Binding Activities
Protein or Mutant of RecE564 kcat (sec
1) KD (nM)
Wild-type (RecE564) 18.8 ± 1.9 70 ± 2
P658L (RecE606) 0.42 ± 0.01 110 ± 20
l exonuclease 9.3 ± 0.4 161 ± 2
Motif I
E729A 0.03 ± 0.08 57 ± 3
Motif II
R744A 6.6 ± 0.7 95 ± 8
R746A 0.3 ± 0.1 90 ± 10
Motif III
K761A 0.16 ± 0.04 130 ± 10
Motif IV
Y778A 0.2 ± 0.2 130 ± 20
Q781A 6.2 ± 0.4 70 ± 20
Y785A 0.4 ± 0.1 98 ± 9
Motif V
H652A 0.02 ± 0.04 130 ± 10
E657A 0.8 ± 0.1 90 ± 10
P658L 14.4 ± 0.1 80 ± 10
Motif VI
Y608A 0.6 ± 0.1 160 ± 10
H609A 2.1 ± 0.1 50 ± 3
S615A 14.6 ± 0.1 100 ± 4
S617A 4.5 ± 0.3 150 ± 20
Disordered loop (residues 665–698)
F661A 14.7 ± 0.6 118 ± 8
F665A 16.4 ± 0.3 200 ± 20
P669A 23.2 ± 1.3 109 ± 8
T675A 23.6 ± 0.9 650 ± 30
Central channel
K643A 22.3 ± 0.8 210 ± 6
K704A 24.6 ± 2.2 330 ± 50
R768A 25.5 ± 0.6 310 ± 30
C-terminal plug
R858A 28.3 ± 1.9 77 ± 5
W859A 27.8 ± 2.0 350 ± 20
D858-866 6.4 ± 0.5 660 ± 80
Values of kcat in nucleotides per second per DNA end were measured for
each purified protein by the fluorescence-based assay as demonstrated
in Figures 7A and 7B and as described in Experimental Procedures.
Values of KD were determined for each protein by fluorescence anisot-
ropy as demonstrated in Figure 7C and as described in Experimental
Procedures. All standard deviations are based on measurements from
at least three independent experiments.698 Structure 17, 690–702, May 13, 2009 ª2009 Elsevier Ltd All righthat forms the only crystal contacts along the c axis of the crystal
(Figure S1). It is conceivable that the mutation somehow stabi-
lizes this region of the protein so that better crystal contacts
are formed. It is interesting to note that although Pro-658 is highly
conserved among RecE sequences, leucine is actually found at
this position in RecB and l exonuclease (Figure S3).
Structural Comparison of RecE and l Exonuclease
Despite RecE having essentially the same function as l exonu-
clease, the structure of the RecE monomer more closely resem-
bles that of RecB, which functions as a single subunit in the
RecBCD helicase-nuclease complex. This is evident from the
significantly lower rmsd of superimposing the core region of
RecE to RecB (1.6 A˚) than to l exonuclease (2.7 A˚). Moreover,
the active site residues of RecE are more conserved in RecB
than in l exonuclease. For example, the histidine residue that
coordinates the active site metal in RecE and RecB is replaced
by a glutamate in l exonuclease, and l exonuclease does not
appear to have the glutamate of Motif I that is essentially invariant
in RecE and RecB. Although RecE and l exonuclease both form
toroidal oligomerswith central channels of similar size and shape,
the regions of the two proteins that come into contact at their
respective subunit interfaces are different. Moreover, and strik-
ingly, if we assume that the DNA substrate binds to the open
end of the central channel in the RecE and l exonuclease struc-
tures, then it is clear that the subunits of RecE and l exonuclease
arepacked into their oligomeric rings inessentiallyopposite orien-
tations relative to the incoming DNA substrate. This can be been
by superimposing the monomers of RecE and l exonuclease
and then translating them into their respective oligomeric rings,
as shown in Figure 8. The closer similarity of RecE to RecB and
the differences in subunit packing in the RecE and l exonuclease
oligomers suggest that RecE and l exonuclease have evolved
separately, possibly from a common ancestor that was mono-
meric, to form oligomeric rings for processing dsDNA breaks.
Our conclusion that the subunits of RecE and l exonuclease
are packed into their oligomeric rings in opposite orientations
relative to the incoming DNA substrate implies the 50-ended
strands of the DNA substrate would approach the active sites
of RecE and l exonuclease from roughly opposite directions.
This would seem to require that the active sites of RecE and l
exonuclease, which are evolutionarily related and contain
several conserved residues, do the same chemistry on different
orientations of the DNA substrate relative to their Mg2+ centers.
However, since it is the terminal nucleotide that is cleaved, there
may be sufficient conformational flexibility of the 50-ended strand
within the active site, such that the scissile bond of the DNA
substrate could actually sit down in similar orientations relative
to the Mg2+ center in the two structures. It is also important to
note that the RecB C-terminal domain is able to cleave both
the 50- and 30-ended strands of the DNA substrate, suggesting
an inherent adaptability of this fold to accommodate different
types or orientations of DNA substrates.
If we assume that RecE and l exonuclease have evolved by
separate paths to form oligomeric rings that perform the same
function, it is interesting to note several common features of
their overall structures that are likely to be fundamental to their
modes of action. First, the central channels formed by RecE
and l exonuclease are remarkably similar in size and shapets reserved
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clease Pack into their Toroidal Oligomers
in Opposite Orientations
In the center of the figure, the RecE (cyan) and l
exonuclease (red) monomers are superimposed
and viewed looking into the active site, which is
indicated by the magenta sphere for the Mg2+.
The RecE and l exonuclease oligomers are shown
at right and left, respectively, with the colored
subunit in the same orientation as in the superpo-
sition in the middle. This places the colored
subunit at the back of the oligomer in each case,
with its active site facing the central channel. The
DNA structures indicate the open end of the central channel on each structure, to which the dsDNA substrate would bind. Notice that the open end of the central
channel of the RecE tetramer faces to the right, while that of the l exonuclease trimer faces to the left.and are of appropriate dimensions to bind to B form dsDNA.
Both central channels are completely open at one end and
partially plugged at the other. In l exonuclease, the channel
is plugged by the N-terminal end of an a helix (corresponding
to helix C in RecE), whereas in RecE the channel is plugged
by the very C-terminal segment of the protein. Thus, different
regions of RecE and l exonuclease have apparently evolved
to perform the same functional role. Interestingly, in both struc-
tures, the side chain of a positively charged residue, Arg-858 in
RecE and Lys-76 in l exonuclease, projects toward the central
axis of the oligomer at the narrowest part of the channel.
Conceivably, this positively charged residue, as well as
a nearby tryptophan residue that is present in both structures
(Trp-859 in RecE and Trp-80 in l exonuclease), could be
important for binding the 30-ended strand of the DNA substrate
as it passes through the narrow end of the channel. Although
single mutations of either residue in RecE have minimal effect
on catalysis, removal of both residues by deletion of the
C-terminal segment significantly disrupts both catalysis and
DNA binding (Table 1).
Second, RecE and l exonuclease both have extended
segments that project out from the rim of the central channel,
in a position to interact with the downstream portion of the
incoming dsDNA substrate. In l exonuclease, this extended
segment (residues 43–50) is formed by a loop between two
a helices that correspond to helices A and B of RecE. This
loop includes three positively charged residues, Arg-45,
Lys-48, and Lys-49, which could form favorable electrostatic
interactions with the sugar-phosphate backbone of the incoming
DNA substrate. In RecE, the 34 residue segment between
helices D and E is located in a very similar position in the
tetramer. Although this segment is not well resolved in the crystal
structure, sparse electron density shows that it extends out
about 25 A˚ from the rim of the central channel, in a position to
interact with the incoming DNA substrate. Consistent with
a possible role in DNA binding, this segment of RecE contains
five positively charged residues, a conserved RFIVAPmotif (resi-
dues 664–669), and an invariant threonine residue (Thr-775).
Although mutations of these conserved residues do not disrupt
catalysis as measured in our assay with saturating amounts of
enzyme, some of the mutations have a significant effect on
DNA binding, indicating that the extended loop could be impor-
tant for recognition and binding of RecE to dsDNA ends.
Third, even though the subunits of RecE and l exonuclease
appear to be packed into their respective oligomers in oppositeStructure 17orientations relative to the incoming DNA substrate, the active
sites of the two proteins are located in very similar positions
within the oligomers. In both structures, the active sites are
located about 10–15 A˚ from the rim of the central channel and
are exposed to the channel via a narrow tunnel that forges
through each subunit. In both cases, the tunnel that leads from
the central channel to the active site is wide enough to allow
the passage of ssDNA but not dsDNA, suggesting that the
DNA substrate is unwound by at least 2 to 3 base pairs prior to
nucleolytic digestion. Moreover, in both structures, the tunnel
forges all the way through each subunit of the oligomer to form
a portal that could facilitate release of the 50-mononucleotide
that is liberated at each cycle of the reaction. In RecE, the portal
is located at the outer edge of the side of the tetramer at which
the dsDNA is presumed to enter, while in l exonuclease the
portal is located on the other side, the side at which the 30-ended
strand is presumed to exit.
Mechanism for Processive Digestion of dsDNA
Based on the common structural features of RecE and l exonu-
clease, which are likely to be fundamental to their modes of
action, we propose a general mechanism for how this class
of enzymes catalyzes processive digestion of dsDNA. The
proposed mechanism is similar to and builds on one proposed
previously for l exonuclease (Kovall and Matthews, 1997). In
this mechanism, the dsDNA substrate enters the toroidal
oligomer through the open end of the central channel, which is
of the appropriate dimensions to accommodate one complete
turn of B form DNA. Upon binding, the strands at the end of
the DNA substrate are unwound, with the 50-ended strand
passing through a narrow tunnel to engage with one of the active
sites on the oligomer and the 30-ended strand passing through
the narrow opening at the back of the toroidal oligomer, possibly
interacting with Arg-858 and Trp-859 of RecE or Lys-76 and
Trp-80 of l exonuclease. Upon hydrolysis of the terminal nucle-
otide on the 50-ended strand, the released 50-mononucleotide
diffuses out through the active site portal and the DNA substrate
translocates through the channel to position the next nucleotide
on the 50-ended strand within the active site.
Observations from single molecule studies of l exonuclease
support the notion that the terminal base pairs of the dsDNA
substrate are unwound prior to cleavage of the 50-ended
strand. In one study, l exonuclease was observed to digest
the substrate at a fairly constant rate of 12 nucleotides per
second, except at distinct sites at which the enzyme paused, 690–702, May 13, 2009 ª2009 Elsevier Ltd All rights reserved 699
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dependence and occurred at a particular GGCGA sequence,
which was proposed to interact as ssDNA with residues lining
the inner surface of the channel, including Trp-24. In a separate
study, the rate of translocation of l exonuclease along a DNA
substrate was shown to depend on the sequence of the DNA,
with slower rates correlating with GC-rich sequences (van Oijen
et al., 2003). It was concluded that melting of the terminal
nucleotide (or nucleotides) was necessary for catalysis and
was the rate-limiting step at each cycle of the reaction. These
types of experiments have not yet been performed on RecE
protein. It would be interesting to see if RecE exhibits a similar
behavior.
The structures of RecE and l exonuclease and the resulting
mechanism that is proposed nicely account for the hallmark
features of the nuclease activities of these enzymes (Little,
1967; Joseph and Kolodner, 1983b). For example, the total
lack of activity on circular DNA substrates is due to the location
of the active site within a tunnel on the enzyme. Since in RecE the
50-ended strand of the DNA substrate must be threaded through
the tunnel formed by the loop between helices B and C to access
the active site, it is physically not possible for dsDNA to gain
access to the active site, even if RecE were a monomer. As
has been pointed out previously (Breyer and Matthews, 2001),
the highly processive nature of these enzymes can be accounted
for by the fact that the toroidal oligomer and the DNA substrate
are topologically linked by the threading of the 30-ended strand
of the DNA through the central channel of the oligomer, like
a bead on a string. The low activity on ssDNA substrates can
also be explained. The 50-end of ssDNA could conceivably
diffuse through the central channel to access the active site,
consistent with the small amount of activity that is observed.
However, cleavage of ssDNA would not be processive and
would therefore be much slower, since it is the other strand of
the DNA substrate, the 30-ended strand, that is responsible for
topological linkage to the enzyme.
Based on this model for the action of RecE and l exonu-
clease, an interesting question emerges. Do the RecE and l
exonuclease oligomers use all of their active sites during proc-
essive digestion of a dsDNA substrate, such as in a sequential
type of mechanism? Or does the 50-ended strand engage with
one of the active sites on the oligomer for multiple rounds of nu-
cleolytic hydrolysis, such that in principle only one active site
per oligomer would be sufficient for processive nuclease
activity? The structures of RecE and l exonuclease offer
some insight into this question. In the RecE tetramer, the active
sites on adjacent monomers are located 40 A˚ from one
another and are accessed from the central channel through
relatively narrow tunnels on each subunit. In the l exonuclease
trimer, the three active sites are arranged in a similar fashion.
Thus, movement of the terminal nucleotide of the 50-ended
strand of the DNA substrate from one active site to the next
on the toroidal oligomer would require substantial conforma-
tional rearrangements, as well as breaking of what are likely to
be extensive interactions between the protein and DNA
substrate. Thus, the structures appear to support a mechanism
in which the dsDNA substrate is engaged with one of the active
sites on the oligomer for multiple rounds of processive dsDNA
digestion.700 Structure 17, 690–702, May 13, 2009 ª2009 Elsevier Ltd All righInteraction with the Single Strand Annealing Protein
RecE and l exonuclease each form a specific protein-protein
interaction with their respective single strand annealing protein,
RecT or b protein. The functional interaction with RecT is main-
tained in RecE606 (Muyrers et al., 2000), indicating that the site
on RecE for interaction with RecT resides within the crystallized
fragment. Although the role of the protein-protein interaction is
not firmly established, it could be for loading of the single strand
annealing protein directly onto the 30-ended strand of the DNA
substrate as it is generated by the exonuclease. Such a mecha-
nism would be precisely analogous to the loading of RecA onto
the 30-ended strand of a DNA substrate during processing of
a dsDNA break by the RecBCD helicase/nuclease complex
(Anderson and Kowalczykowski, 1997). If this is indeed the role
of the RecE-RecT interaction, one might expect the site on
RecE for binding to RecT to be located on the side of the tetramer
at which the 30-ended strand of the DNA substrate is extruded,
as is the case for RecBCD (Singleton et al., 2004). Interestingly,
however, this face of the RecE tetramer is remarkably flat, with
no obvious loop or groove to facilitate a stable protein-protein
interaction. The same is true for the l exonuclease trimer. The
structure of RecE does reveal an exposed hydrophobic patch
on this side of the tetramer, formed by the side chains of
Phe-754, Trp-756, Trp-720, Leu-717, Ile-851, and Met-819.
Perhaps this hydrophobic patch could be a site for interaction
with RecT.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification
Detailed methods for protein expression and purification are given in the
Supplemental Data. Briefly, genes encoding residues 564–866 or 606–866 of
RecE protein and 1–226 of l exonuclease were cloned into pET-14b and
expressed in E. coli BL21(AI) cells. Mutants of RecE were constructed using
the Quickchange procedure (Stratagene). RecE606 protein was purified by
Ni2+-affinity chromatography, thrombin proteolysis to remove the N-terminal
6xHis tag, and anion exchange chromatography on Hi-Trap QHP (GE Health-
care). Purified RecE606 protein was dialyzed into 20 mM Tris (pH 7.5), 150 mM
NaCl, 10% glycerol, and 1mM dithiothreitol (DTT). RecE564 protein and mutant
versions of RecE564 were purified by Ni2+ affinity chromatography and gel
filtration on Superdex 200 (GE Healthcare) and dialyzed into 20 mM Tris
(pH 7.5) and 1 mM DTT. All proteins were concentrated to 5–50 mg/ml and
stored at 80C in small aliquots. Protein concentrations were determined
by OD at 280 nm using extinction coefficients calculated from their amino
acid sequences.
Analytical Ultracentrifugation
Samples of RecE564 used in sedimentation experiments were purified on
Superdex 200with 150mMNaCl and 20mMTris (pH 8.0) as the running buffer.
Sedimentation experiments were performed at 20C in an XL-I analytical ultra-
centrifuge (Beckman Coulter) using absorbance optics. Samples of RecE564
(400 ml) in the buffer from gel filtration were spun at 40,000 rpm at 20C in
double-sector charcoal-filled epon centerpieces. Data were analyzed using
the c(s) and c(M) models in the program Sedfit (Schuck, 2000) to determine
differential sedimentation coefficient or apparent mass distributions, respec-
tively. In sedimentation equilibrium experiments, 100 ml samples at concentra-
tions ranging from 1.2 to 12 mM were spun at 11,000, 14,000, and 19,000 rpm
until equilibrium was reached. Data were truncated using WinReedit and glob-
ally fit using WinNonlin (http://www.rasmb.bbri.org/) as described previously
(Herr et al., 1997, 2003).
Exonuclease Assay
Exonuclease activities of purified proteins weremeasured in real time bymoni-
toring the decrease in fluorescence upon addition of excess enzyme tots reserved
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Reactions (200 ml) were performed at 37C in 20 mM Tris (pH 7.5), 10 mM
MgCl2, 1 mM DTT, and PicoGreen (Invitrogen) diluted 1/20,000. Reactions
were initiated by addition of a saturating amount of RecE or l exonuclease
(40–100 nM oligomer) to 0.5 nM BamHI-linearized pUC19 DNA (1 nM ends).
Time-based fluorescence values were measured using a FluoroMax-3 spec-
trofluorometer (Horiba Jobin Yvon) at 484 nm excitation, 522 nm emission,
4 nm slit width, and 1 s1 data sampling frequency. A reaction mixture
prepared without addition of enzyme served as the negative control to account
for a slight enzyme-independent decrease in signal, possibly due to photo-
bleaching. A positive control was performed with 0.25 nM heat-denatured
pUC19 DNA (0.5 nM total ssDNA) to mimic completion of the reaction to 50-
mononucleotides and one strand of ssDNA. Raw fluorescence values were
converted to %DNA digested using a standard curve to correct for the
nonlinear dependence of PicoGreen fluorescence on dsDNA concentration
and by comparison to the values from the positive and negative control reac-
tions at equivalent time points. The rate of digestion in nucleotides per second
(kcat) was determined from the slope of the linear (initial) portion of each reac-
tion divided by two to account for the fact that at saturation both ends of the
DNA duplex are digested simultaneously. Standard deviations are based on
values from three independent experiments.
Fluorescence Anisotropy DNA Binding Assay
An oligonucleotide with a 50-fluorescein, 50-[FluorT]AGAGCTTAATTGCT
GAATCTGGTG-30 (HPLC purified from Integrated DNA Technologies), was
annealed with its complement to form a 25 bp duplex (F25). F25 (10 nM)
was incubated with varying concentrations (10–1000 nM) of purified RecE564
protein (or mutant, as indicated) for 20 min at 25C in buffer containing
20 mM Tris (pH 7.5), 10 mM CaCl2, and 1 mM DTT. The fluorescence anisot-
ropy (490 nm excitation, 515 nm emission) of each equilibrated sample
(20 ml) was measured at 25C using a Spectra Max M5 Microplate Reader
(Molecular Devices). Dissociation constants (KD) were determined from a fit
of the data in each curve to the following equation, which assumes a 1:1
binding stoichiometry:
A=Amin +
n
ðY+S+KDÞ 
h
ðY+S+KDÞ2ð4YSÞ
i1=2o
3 ðAmax  AminÞ=ð2YÞ;
where A is the measured anisotropy, Amin is the minimum anisotropy, Amax is
the maximum anisotropy, S is the concentration of unlabeled protein, and Y
is the concentration of labeled DNA. Standard deviations are based on values
from three independent experiments.
Crystallization and X-Ray Structure Determination
Crystals of RecE606 (P658L) were grown by the hanging-drop vapor diffusion
method at 22C. The reservoir solution consisted of 30%–42% glycerol and
100 mM DL-malic acid (pH 7.0). The hanging drop was prepared by mixing
2 ml of 10 mg/ml RecE606 in storage buffer plus 2 mM MgCl2 and 2 ml of reser-
voir solution. Crystals were flash frozen in liquid nitrogen and X-ray diffraction
data were collected at 180C at beamline 31-ID of the Advanced Photon
Source. Diffraction data for both native and SeMet crystals were collected at
the Se absorption peak (l = 0.97929 A˚). Crystals belong to space group
P4212 with cell dimensions a = b = 123.2 A˚ and c = 67.3 A˚, 1 molecule per
asymmetric unit, and a solvent content of 72%. Data were integrated and
scaled with MOSFLM and SCALA of the CCP4 suite (CCP4, 1994). Crystals
diffracted X-rays anisotropically to about 2.7 A˚ along the a and b directions
and 3.2 A˚ along the c direction, based on analysis of the data according to
the falloff procedure using plots of mean[F/sdF] versus resolution (CCP4,
1994). The structure was determined by the single wavelength anomalous
diffraction method and solvent flattening using the AutoSol feature of the
PHENIX suite (Adams et al., 2002). The resulting electron density map allowed
tracing of residues 612–634 and 704–861 of RecE606 using the program COOT
(Emsley and Cowtan, 2004). The structure was refined using the simulated
annealing, minimization, and individual temperature factor refinement proto-
cols of CNS (Bru¨nger et al., 1998) with a maximum likelihood target and bulk
solvent and anisotropic temperature factor correction options. Alternating
rounds of model building and refinement yielded the final model, which
consists of residues 612–664 and 699–864 of RecE. Side chains of residues
637–646, 664, 700–701, and 704 of RecE were not resolved in the electronStructure 17density and were truncated to alanine. Data collection and refinement statis-
tics are shown in Table S1. Structural figures were prepared using PYMOL (De-
lano Scientific, LLC). Solvent accessible surface area calculations were per-
formed using the AREAIMOL feature of CCP4 with a probe radius of 1.4 A˚
(CCP4, 1994).
ACCESSION NUMBERS
Coordinates and structure factors have been deposited in the Protein Data
Bank under PDB ID 3H4R.
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Supplemental Data include Supplemental Experimental Procedures, one
table, and three figures and can be found with this article online at http://
www.cell.com/structure/supplemental/S0969-2126(09)00155-5.
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